Abstract-A potential application of BCI is the way of prosthesis control, while the traditional ways are not appropriate for those who got the high SCI (Spinal Cord Injury). In this paper, considering the practicality of BCI based prosthesis control, especially the avoidance of appended devices, the spontaneous EEG of motor imagery was used as the control signals. The motor imagery is limited in pattern variety, so in our work a careful control strategy was designed for controlling prosthesis with elbow, wrist, and hand joint. Three motor imageries including left/right hand, and feet were used in this system. One was used for switching the current controlling joint and the others were for the forward and reverse of the joints rotation. By this method, the real-time controlling of the three joints prosthesis was achieved. This paper described the auditory paradigm of motor imagery for prosthesis control at first and the relevant coefficient was used for signal analysis and recognition. Then the strategy of controlling 3 joints prosthesis was designed and finally the experiments were carried out to evaluate the ability of prosthesis controlling.
I. INTRODUCTION
While the high Spinal Cord Injury (SCI) [1] cannot be cured by modern medical treatment, people try to use BCIs as a bridge for directly communicating between human brain and the surroundings for control of prosthesis. In addition, for those patients who have got Amyotrophic Lateral Sclerosis (ALS) or Osteogenesis Imperfecta (OI) and cannot produce good EMG, BCIs also provide the way to control an extent robotic arm or prosthesis.
In recent years, many researches were conducted to use BCIs for controlling robotic arm or prosthesis. On the consideration of risk and ethical, many experiments with invasive BCIs have been completed on primates. Vikram [2] completed the experiment which realized the precision motion control of the prosthesis by implanting different number of micro-electrodes in different regions of the rhesus monkey brain to identify the action of finger, wrist and grasp in 2008. In non-invasive, the Steady State Visual Evoked Potential (SSVEP) based BCIs can be used in control of robotic arm or prosthesis. In 2007 Scherer [3] reported a system about controlling a prosthesis wrist rotation and the hand open and *Resrach supported by Jiangsu Natural Science Foundation. BK2011046 and State Key Laboratory of Robotics Open Fund (RLO200801)
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close with SSVEP. By using of spontaneous EEG ， Pfurtschelle r [4] provided patients an arm function rehabilitation training system with Event Related Desynchronization/ Synchronization(ERD/S) and Functional electrical stimulation(FES) in 2005. The patients controlled the movements of grasp and releasing by performing the imageries of feet movement and right hand movement, and the online recognition accuracy reached 100% after training. By 2010, Pfurtscheller [5] proposed a prosthesis control method which was based on motor imagery ERD/S Temporal coding. Nitish [6] reported a prosthesis control system using ERD/ERS combining with vibrotactile biofeedback for haptic information. Our group proposed a data fusion method of EEG signal pattern recognition for prosthetic control in 2007 [7] . During 2009 and 2010 [8, 9, 10] , we have reported a series of EEG-based prosthetic control system, which realized three degrees of freedom prosthetic control with online recognition rate of 60%.
The portability of practical BCI prosthetic control system is important [11] , and spontaneous EEG based BCI systems can avoid the additional stimulation devices [12] , that is benefit for practicability. Because the number of the patterns of the spontaneous EEG provided is limited [13, 14] , we need a careful plan to take full advantage of each pattern for acceptable efficiency when a peripheral control system was designed.
The paper proposed a control system of threes joints prosthesis by using motor imageries. A motor imagery auditory paradigm was designed to obtain the classifier. Then a control strategy of 3 joints prosthesis was applied in the sequence of prosthesis control training and evaluation.
II. MATERIALS AND METHODS

A. EEG Acquisition
Three Ag/Agcl circular electrodes were mounted on the C3, Cz, and C4 with the references at the both mastoids and the ground at the Fpz over the forehead according to the 10-20 system (Fig.1) . NeuroTop Amplifier was used to record EEG signals with the resolution of 0.5μV and the time constant of 0.3s. The sampling frequency was 256Hz with 60Hz lowpass filtering including a notch filtering at 50Hz. The reluctance was keeping below 5K during detection.
B. Auditory Paradigm
The participants were sitting in an armchair, faced a speaker 2 meters in the distance, and were told about the whole experiment paradigm for comprehension by an introduction audio with a demo [15, 16] . Participants had to perform three types motor imagery according to the instruction which they heard including left/right hand and feet movements. The instruction were not easily "Please image the left hand move", but the kinesthetic motor imagery [17] of definite action, e.g., "Please image holding a mouse with right hand" or "Please image petting a dog with left hand". Various different specific movements were included in these three kinds of motor imagery.
At the beginning of a trial (Fig. 2) , an attention voice sounded. After 1.5s a voice instruction to notice the participants what imagery should be performed in the next. After a pause of 1s, a start ringed and participants should begin or already to perform the specified motor imagery and kept this step for 4 seconds. Then a stop voice told the participants the imagery had finished, after that there was a break lasting between 1.5s-3s before the next trial began. One round consisted of 10 trials for each motor imagery class, a total of 30. Six rounds with a short rest between each one were carried out in this part, obtaining 180 trials in total. The ERD/S of left hand motor imagery is present as the time-time-frequency map above. It is obvious during 4s-5.5s with peaks at 11Hz around and also shown in the change of Cmax. We supposed only if the Cmax is high above the 20% of its peak, the singnal would be considered as the presentation of ERD/S. Then, the average superposition of the ERD/S power is performed on the segment between4s and 5.5s, while the other is not included. The mean Crmax of 3 channels just indicated the overall steady on them.
C. Signal Processing and Classifying
The signals cj S acquired from the 1s before start to the 1s after stop were analyzed for establishment of classifier. The data was 3 channels and 7s of length. The time-frequency map [18] calculated by a sliding window of 1s length and 0.25s step, while the power spectrum ( ) n t cj P f was saved from 6Hz to 30Hz (Fig. 3 ).
( ) ( )
While the c is the motor imagery class, j is the index of trial, and t n (n = 1, 2, …, 25) is time point the power spectrum was calculated.
Then the relevance coefficient about the power between t k and t k-1 was presented as k cj R and the regularized k cj (6) [19] . 1 ( )
, N is number of all the trials.
The test pattern was classified by the biggest one of the relevance coefficient.
D. Prosthesis Control Strategy
The paper proposed a BCI strategy which is used to control prosthesis. The prosthesis was fixed on the manikin, containing a elbow which can rotate about 0~90°, a wrist can rotate about 360°, and a hand can grasp. All the joints actions are controlled by the pulse commands which were sent by control program. 22 pulse commands were needed for elbow bending to extend, 50 pulse commands for wrist rotation, and 28 pulse commands for hand close to open.
The specific control strategies are as follows. Three joints were controlled separately, thus, there is only one joint in control in the same time. The switch between them was controlled by the motor imagery with highest recognition rate. In this strategy, the switching instruction was active if duration of the motor imagery was lasting over 2.5 seconds, then the current controlled joint will switch to the next. The specific sequence is elbow-wrist-hand-elbow. The independence movement of each joint can express by rotation of clockwise and anticlockwise, so the other two motor imagery patterns can be used to control them. The movements of joint were approximately continuous controlled by real-time monitoring and recognition of the ERD/S signals. Every 0.25s the system sent a command to control the movements of joint though the recognition of ERD/S. According to number of commands for each joint, the standard time (ST) of 5.5s was consumed for elbow bending to extend, 6.25s for wrist half rotation, and 7s for hand close to open.
E. Training And Evaluation Of Prosthesis Control
The training of prosthesis control is a feedback control process of separate prosthesis movement using the classifier obtained from the auditory paradigm. The purpose is to make participants accomplished several basement assignments of controlling prosthesis separately by visual feedback of prosthesis movements. According to the control strategy, the tasks of training contains switching the current controlling joint, rotating forward or reverse of any joints. The acquisition of EEG signals was same with foregoing. A manikin with prosthesis was one meter away from participant, while he was able to observe the movement of prosthesis clearly.
Before the experiment, we arrange corresponding relations between 3 kinds of imagination and 3 kinds of prosthesis movements. At begin of trials, a prompt tone reminding the subject, and after 1.5s a voice told subject what movement should be performed in the next. 2s later, subject should begin to perform the motor imagery, at the same time the control unit sent the commands to control the prosthesis movements. The whole process was conducted by adjusting the motor imagery though visual feedbacks, while the successful switch task was present as the small shake of the joint. The duration time of the process is determined by the movements of specific prosthesis joint. That is, the movement of elbow was 7s, wrist was 7.75, the hand was 9s, and the switch was 5s. Finally the stop sounds notice subject to have short break for 1.5s to 3s before next trial begin. In order to facilitate the experiment, the prosthesis controller will locate the prosthesis to the original place or adjust to a limit position during the break time to prepare the next trial. The EEG signals recorded in the training would deal with the signal processing and classification method then update the classifier [17] . Four rounds were carried out consisting of 10 trials for each class in each round, a total of 120.
An experiment is designed to evaluate the prosthesis control system in the last part. The sequence of prosthesis movements was given below: no action, elbow bending, switching, wrist clockwise rotation, switching, hands clenched, hands open, switching, wrist anticlockwise rotation, switching, elbow extending, and no action. The subjects were required to remember the sequence and completed the whole process as fast as possible by performing the motor imagery. In order to shorten the time and reduce the influence of fatigue, the prosthesis only responded the correct instruction of corresponding movements during the whole sequence. The mistakes were only recorded not executed. The time-out was set to three times to standard time of each movement. If the movement was not completed within the time-out, the system would automatically complete the movement, and then the subject should perform the next task. There 4 rounds of evaluation experiment.
III. RESULTS
A. Auditory Paradigm Training
In the auditory paradigm training, the EEG signals were processed and classified with 10 folds cross validation, and the accuracy rate of each class were present in Table 1 . The best accuracy rate is from S2, which the lowest was 83%; S3 had the worst with 69%. In addition to this, the maximum mean duration (MMD) time of 3 motor imageries was given, which expressed the ability of keeping the ERD/S of the motor imagery during the auditory paradigm training. The lowest MMD was 2s that shown by S3. And the average activation time (AAT) of ERD/S was also calculated to express how long the subject will take to emerge the obvious ERD/S, and result was show S1 took the The accuracy of offline classication of left hand (L), right hand (R) and feet (F) was given by 10 folds cross validation. The mean maximum duration (MMD) indicated the ability of keeping the ERD/S obvious.When controlling the prosthesis joint movements, the task will be compeletd sooner if the correct class of ERD/S can last longer. The average activation time (AAT) indicate how long the subjects will take until they can produce the steady ERD/S. longest AAT of 2s.
B. Prosthesis Control Training
The result of prosthesis control training was shown in Table 2 . The best recognition class was present the switch task for the subject, while the motor imageries for different joint movement control of each subject were given. Every 0.25s the pattern recognitions were given and recorded, and the accuracy rate was calculated for each class. For the joint movements control, the S2 got the highest 76% with the elbow bend using left hand motor imagery. For the switch task, only S3 have not reached a half.
C. Prosthesis Control Evaluation
The evaluation results were shown in Table 3 . The shortest average time consuming (TC) was 126s belong to S2, who got the highest accuracy rate (AR) of 75%, the error rate (ER) of 11% and the no response (NP) of 14%. S3 got the longest TC of 145s and joints movements accuracy rate of 62%, the error rate of 23% and the no response of 15%. For switching the joints, the shortest switch time consuming (STC) is 5.5s belong to S1. And in no action task the best idle rate is 84%.
IV. DISCUSSION
This paper proposed an auditory paradigm of motor imagery for prosthesis control, and signal analysis and recognition method were also mentioned. A strategy of control 3 joints prosthesis was designed. Then participants perform the experiment of online feedback prosthesis control training. At the end an experiment were carried out to evaluate the ability of prosthesis controlling.
By using the relevance coefficient method in auditory paradigm training, the accuracy rate of each class was between 69% and 91%. MMD expressed the ability of keeping ERD/S, which is important to the prosthesis joint movements and switch. The subject selects the class of the best accuracy in auditory paradigm training as the switch command; for S1 and S2 is right hand and S3 is feet. The best online accuracy of joint control is 76% belongs to S2 who perform the left hand motor imagery for controlling the elbow's forward rotation. In all 40 trials of switch, S1 can fulfill the task within 5s for 28 times.
The longer MMD can ensure the efficiency and the stability. Besides, AAT determined the how fast the subject can activate to control the prosthesis, and there was the latency cannot remove but reduce. We got the results from online prosthetic control feedback training. The results showed two participants completed the clockwise and anticlockwise rotation in 4 rounds experiments with the accuracy rate of 70%. And the successful switch can reach 28. That may because for individual 5s is not enough to produce the 2.5s length obvious ERD/S considering the activation time. S3 got an undesirable result that showed he was not adapting to the visual feedback training. As can be seen from Table 2 , the pattern recognition rate of clockwise and anticlockwise rotation would drop as the time of completing movements increase. It is difficult for the participant to maintain a long time motor imagery.
In the evaluation, the time consuming can be regard as the overall of ability of prosthesis control. In the idle time, there was some mistaken command which leaded to the prosthesis false movements. The importance is accuracy of S3 was not good, but the time consuming is not too longer than others. In addition, there could be a the safety time which is set between the forward and reverse of joint movements to prevent the shake of the joints caused by wrong recognition of motor imagery in the practice controlling. The safety time can provides tolerance ability for the system; it also improves the safety and reliability of prosthesis control.
The work described in this paper finally achieves the real-time control of three joints prosthesis, and that is also appropriate for the more joints control of prosthesis.
